Introduction
============

With the increasing number of cancer patients, chemotherapy, widely used in cancer therapy, has attracted greater attention in recent years.[@b1-ijn-12-2215],[@b2-ijn-12-2215] Traditional antitumor drugs, such as doxorubicin (DOX), camptothecin (CPT), and paclitaxel (PTX), show high cytotoxicity for various tumor cells, but their clinical use is limited by many fatal drawbacks, such as poor solubility in water, uncontrolled release behavior, acquired multidrug resistance, and severe side effects.[@b3-ijn-12-2215]--[@b5-ijn-12-2215] To overcome these obstacles, various drug delivery systems (DDSs) have been designed and developed to efficiently deliver anticancer drugs to tumor sites and reduce accumulation in normal sites. For instance, nanoparticles, liquid emulsions, films, and liposomes have been prepared as drug carriers in recent decades.[@b6-ijn-12-2215]--[@b11-ijn-12-2215] Compared with these nanoscale carriers, polymeric micelles self-assembled from amphiphilic polymers have captured increasing attention.[@b12-ijn-12-2215]--[@b14-ijn-12-2215] Polymeric micelles used as hydrophobic anticancer drug carriers have been proved to have a multitude of advantages, such as a convenient synthesis, high drug loading capacity and biocompatibility, low cytotoxicity, efficient drug delivery, and controlled release.[@b15-ijn-12-2215]--[@b17-ijn-12-2215] As an example, polymeric micelles self-assembled from diblock copolymer MPEG-PCL were used as hydrophobic honokiol carriers by Gou et al,[@b18-ijn-12-2215] and the drug-loaded micelles were easy to prepare, stable, safe, and showed potential clinical application. Xue et al also used methyl ether poly(ethylene glycol)-polycaprolactone (MPEG-PCL) micelles to entrap the hydrophobic oridonin to prepare ORI-micelles, which have great potential as a transdermal drug delivery system in cancer chemotherapy.[@b19-ijn-12-2215]

In the past decades, many stimuli-response polymers have been synthesized and used as drug carriers based on the differences between normal and targeted sites, including temperature, enzyme, pressure, etc.[@b20-ijn-12-2215]--[@b25-ijn-12-2215] As reported, extracellular pH of tumor is weakly acidic (about 6.5--7.2), and the pH values in endosome and lysosome are much lower (4.5\~6.5), compared with the normal physiological pH of 7.4.[@b26-ijn-12-2215]--[@b28-ijn-12-2215] Therefore, increasing attention has been directed at pH-sensitive polymeric micelles.[@b29-ijn-12-2215]--[@b34-ijn-12-2215] It is well known that pH-responsive polymeric micelles exhibit core-shell architecture constructed with a hydrophobic core and a hydrophilic shell as well as a pH-sensitive segment.[@b35-ijn-12-2215] The internal core could load anticancer drugs by hydrophobic interaction. The surrounding shell could maintain the stability of the system and escape from the reticuloendothelial system as well as protect internal drugs from degradation in the biological environment. The pH-sensitivity of the system could be used to realize the drug controlled release.[@b32-ijn-12-2215],[@b34-ijn-12-2215],[@b36-ijn-12-2215],[@b37-ijn-12-2215] In summary, an ideal pH-sensitive polymeric micelle used as an anticancer drug delivery carrier should possess high drug loading content (LC), long-time circulation, low cytotoxicity, and sharp pH-sensitivity. For example, amphiphilic diblock pH-sensitive polymer poly(*β*-amino ester)-*b*-poly(ethylene glycol) (MPEG-*b*-PAE) was synthesized successfully, and its self-assembled micelle was developed as a carrier for co-delivery of CPT and DOX. The results showed that the drug release behavior was influenced significantly by the pH values, and the drug release rate increased with decreasing pH.[@b33-ijn-12-2215],[@b38-ijn-12-2215] Laskar's group designed and synthesized pH-sensitive cholesterol-containing polymeric micelles for use as CPT carriers. The CPT release could be triggered by hydrolysis of the ester linkages under acidic conditions, indicating good chemotherapeutic activity of the CPT-loaded polymeric micelles.[@b39-ijn-12-2215]

In this work, amphiphilic triblock polymer brush cholesterol grafted PAE-*b*-PEG-*b*-PAE with pH-sensitivity was designed, and their self-assembled polymeric micelles were used as carriers for anticancer drug delivery and controlled release. PAE, which was first synthesized by Lynn et al using Michael-type step polymerization, was chosen as a pH-sensitive segment because of its superior pH-sensitivity.[@b40-ijn-12-2215],[@b41-ijn-12-2215] The p*K*~b~ values of PAE were about 6.0\~6.5 as reported, indicating the beneficial pH-sensitive range.[@b42-ijn-12-2215],[@b43-ijn-12-2215] The hydrophilic PEG was selected as a hydrophilic segment to form the shell, maintaining stability of the system during long-time biological circulation.[@b44-ijn-12-2215],[@b45-ijn-12-2215] The pH-sensitive PAE segment was conjugated on the two terminals of PEG, resulting in triblock polymer PAE-*b*-PEG-*b*-PAE. For the purpose of high stability and drug loading capacity, cholesterol with high hydrophobic sterol group, reported as an important part of mammalian cell membranes that showed high biocompatibility and pathogenicity, was grafted on the tails of the PAE segment, resulting in triblock polymer brush (poly(β-amino esters)-*g*-cholesterol)-*b*-poly(ethylene glycol)-*b*-(poly(β-amino esters)-*g*-cholesterol) ((PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol)). DOX, used extensively in chemotherapy for cancer, was selected as a model anticancer drug. [Figure 1](#f1-ijn-12-2215){ref-type="fig"} demonstrates the schematic micellization, drug loading, and controlled release of DOX-loaded (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol) micelles dependent on pH values. We hypothesize that DOX-loaded polymeric micelles (DOX-PMs) could remain stable with a compact structure at normal sites with well-protected drug molecules in the micellar core, when DOX-PMs were under weak acidic conditions, the micellar structure was transfered to swollen and loose because of protonation of the tertiary amino groups, leading to accelerated drug release rate and accumulative amount. Furthermore, the synthesized polymer should be barely cytotoxic. The physicochemical properties of the polymer and drug-loaded micelles, such as hydrodynamic diameter, zeta potential, pH-sensitivity, drug controlled release behavior and mechanism, would be measured by a variety of methods.

Materials and methods
=====================

Materials
---------

PEG with amine modified on the terminals (NH~2~-PEG-NH~2~, *M*n =4,000), 3-amino-1-propanol (AP, 99%), 4-(dimethyl amino)pyridine (DMAP, 95%), pyrene (99%), cholesteryl chloroformate (Chol, 99%), and 1,4-butylene diacrylate (BD, 99%) were purchased from Alfa Aesar (Haverhill, MA, USA). DOX hydrochloride was purchased from Wuhan Yuan Cheng Gong Chuang Co. (Wuhan, People's Republic of China) and hydrochloric acid was removed before use. Methylthiazoltetrazolium (MTT) was purchased from Sigma (St Louis, MO, USA). Phosphate-buffered saline (PBS) buffers with different pH values were purchased from 1st BASE (Selangor, Malaysia) and diluted to the intended concentration before use. HepG2 cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured under the recommended conditions according to the supplier. Ultrapure water of chromatography grade was obtained from J.T. Baker (Center Valley, PA, USA). Anhydrous dichloromethane (DCM), anhydrous triethylamine (TEA), and other materials were prepared as described in previous work.[@b42-ijn-12-2215],[@b44-ijn-12-2215] All other reagents were used as received except additional description.

Synthesis of poly(β-amino esters) (PAE)
---------------------------------------

PAE homopolymer was synthesized via Michael-type step polymerization as reported in our previous work with quite a few modifications.[@b42-ijn-12-2215] In brief, BD (1 mol) was dissolved in anhydrous DCM and immersed in an ice bath. AP (0.9 mol) was added dropwise slowly into the flask. The reaction was carried out at 100°C for 24 h under nitrogen with stirring. Later, the resultant mixture was cooled to room temperature and precipitated with *n*-hexane to obtain the solids. After being dried under vacuum for 48 h, a light yellow powder, PAE, was received.

Synthesis of PAE-*b*-PEG-*b*-PAE
--------------------------------

The triblock polymer PAE-*b*-PEG-*b*-PAE was synthesized using Michael-type step polymerization as previously described. In brief, PAE (1 mol) was dissolved in anhydrous DCM, and NH~2~-PEG-NH~2~ (0.9 mol) was added dropwise into the flask. The resulting solution was carried out at 100°C for 24 h under nitrogen with stirring. After the reaction, the products were then precipitated with diethyl ether and *n*-hexane. The precipitate was dissolved in dimethyl sulfoxide (DMSO) and dialyzed against deionized water in a dialysis bag (molecular weight cutoff \[MWCO\] 8,000\~12,000) for another 72 h to remove unreacted PAE and PEG. The triblock polymer PAE-*b*-PEG-*b*-PAE was obtained after lyophilization.

Synthesis of (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol) triblock polymer brush
-----------------------------------------------------------------------------

The synthesized triblock polymers PAE-*b*-PEG-*b*-PAE (1 mmol) and TEA (15 mmol) were dissolved in anhydrous DCM. DMAP (10 mmol) was then added into the flask with moderate stirring. Excess cholesteryl chloroformate (10 mmol) was dissolved in anhydrous DCM and added into the flask. The reaction mixture was stirred at room temperature for 24 h. The resulting solution was precipitated in *n*-hexane three times, and then the solids obtained were dialyzed in DMSO and deionized water successively. After lyophilization, cholesterol grafted polymer brush was received.

Characterization
----------------

^1^H NMR analysis (AVANCE III 400, Bruker, Fällande, Switzerland) was performed on the polymer samples in deuterated chloroform (CDCl~3~-*d*) with tetramethylsilane (TMS) as an internal standard operating at 400 MHz and 25°C.

Fourier transform infrared spectra measurements were executed on a Nicolet Nexus for Euro (America) spectrometer to confirm the structure of samples composed of KBr and freeze-dried polymer. The spectra were scanned from 400 to 4,000 cm^−1^ with a resolution of 2 cm^−1^.

The number average molecular weight (*M*~n~) and the polydispersity index (*M*~w~/*M*~n~, PDI) were determined by the GPC method, and executed by the Agilent 1,200 series GPC system with THF as mobile phase (1.0 mL/min at 30°C) for 45 min.

The polymeric micelles self-assembled from synthesized polymers were prepared by dialysis for further study. The hydrodynamic diameter and zeta potential of micelles were measured by dynamic light scattering. The measurements were performed on a Malvern Zetasizer Nano S (Malvern Instruments, Malvern, UK) with a diode laser of 800 nm and a scattering angle 90° at room temperature.

The morphological shapes of the polymeric micelles treated at different pH values were confirmed using a transmission electron microscope (TEM, Hitachi H-7650, Tokyo, Japan) operating at 80 kV.

Potentiometric titration
------------------------

To evaluate the pH-sensitivity of the polymer brush, potentiometric titrations were used to confirm the base dissociation constant (p*K*~b~), as reported in our previous work with a few modifications.[@b42-ijn-12-2215],[@b43-ijn-12-2215] In brief, the polymer brush (20 mg) was dissolved in deionized water (20 mL), and the pH value of the solution was adjusted with dilute hydrochloric acid to 3. The polymer solution was titrated using NaOH aqueous solution (0.1 mol/L), and the real-time pH values were recorded by an automatic titrator (Hanon T-860, Jinan, People's Republic of China) at room temperature. The plots of pH value against the volume of NaOH solution were calculated to confirm the p*K*~b~ value.

Critical micelle concentration (CMC) measurement
------------------------------------------------

The CMCs of synthesized polymer brush in different PBS buffer solutions were estimated by fluorescence spectroscopy using pyrene as a probe.[@b42-ijn-12-2215]--[@b44-ijn-12-2215] In brief, a series of polymer solutions at various concentrations of 0.0001\~0.1 mg/mL (ca. 20 samples) containing required pyrene (6×10^−7^ mol/L) in PBS buffer solutions at pH 7.4, 6.5, 6.0, and 5.0 were prepared in advance. The sample solutions mixed with polymer brush and pyrene were preserved in the dark overnight at room temperature before measurement. A fluorescence spectrophotometer (F-4500, Hitachi, Tokyo, Japan) was used to receive the fluorescence spectra for the calculation of CMCs of samples at different pH values.

Preparation of blank and drug-loaded polymeric micelles
-------------------------------------------------------

The blank and drug-loaded polymeric micelles were prepared using the dialysis method. In brief, polymer brush (50 mg) was dissolved in DMF (50 mL) with 2 mL deionized water with gentle stirring. The scheduled DOX-HCl (0, 5, 10, 25, 40 mg) was treated with overdose of TEA (0.01 mL per 10 mg of DOX-HCl) to remove HCl. Then the DOX was mixed with polymer solution. The mixture was dialyzed against 1 L of deionized water for 48 h at ambient temperature using a preswollen cellulose membrane bag (MWCO 3,500\~4,000). The deionized water was replaced every 4 h. After filtration and lyophilization, the blank or drug-loaded polymeric micelles were obtained in white or red powder, respectively, for further research. The drug LC and entrapment efficiency (EE) were confirmed using a UV-vis spectrophotometer (UV-2450, Shimadzu, Kyoto, Japan) at 479 nm. In a typical experiment, 1 mg DOX-loaded polymeric micelles was dissolved in 10 mL DMSO under vigorous vortex. The micelles were broken and the DOX molecules were dissolved in DMSO. The solution was measured, and the concentration of DOX was calculated according to a standard curve of pure DOX/DMSO solution. The LC and EE were calculated using the following equations, respectively: $$\begin{array}{l}
{LC\left( \% \right) = \frac{m_{loaded\ drug}}{m_{drug - loaded\ polymeric\ micelle}} \times 100\%} \\
{EE\left( \% \right) = \frac{m_{loaded\ drug}}{m_{drug\ in\ feed}} \times 100\%,} \\
\end{array}$$where *m~loaded\ drug~* is the amount of drug loaded in the micelle, *m~drug-loaded\ polymeric\ micelle~* is the weight of drug-loaded polymeric micelles, and *m~drug\ in\ feed~* is the weight of drug in feed.

In vitro release of DOX from drug-loaded polymeric micelles
-----------------------------------------------------------

The in vitro drug release profiles from polymeric micelles were studied using the dialysis method. In brief, DOX-PMs (5 mg) were dispersed in respective PBS buffer solutions (5 mL, *V~e~*) at different pH values of 7.4, 6.5, 6.0, and 5.0, and the resulting solution was placed into a dialysis bag (MWCO 3,500\~4,000) and immersed in corresponding PBS solution (45 mL, *V~b~*) in a flask. The flask was immersed in 37°C water with stirring at 110 rpm. A 2 mL sample was drawn using a syringe at desired time intervals and analyzed with UV-*vis* spectrophotometry. The cumulative drug release percent (*E~r~*) was calculated using the following equation. The experiments for each PBS buffer were repeated three times. $$E_{r}\left( \% \right) = \frac{V_{e}{\sum\limits_{1}^{n - 1}{C_{i} + \left( {V_{e} + V_{b}} \right)C_{n}}}}{m_{loaded\ drug}} \times 100\%,$$where *m~loaded\ drug~* is the amount of drug loaded in the micelle, and *C~i~* is the concentration of DOX in the *i*th sample.

Cytotoxicity test
-----------------

The in vitro cytotoxicity of free DOX, blank polymeric micelles, or DOX-PMs for HepG2 cells was evaluated by the standard MTT assay.[@b46-ijn-12-2215],[@b47-ijn-12-2215] The cell culture and cytotoxicity assay were similar to those described in previous work.[@b42-ijn-12-2215]--[@b44-ijn-12-2215] A series of free DOX, blank, and DOX-PMs were added into wells with the preprepared cells and incubated for 24 h or 48 h, while fresh medium was used as control. After the addition of MTT (20 μL, 5 mg/mL in PBS buffer), the plates were shaken at 150 rpm for 5 min, and incubated for another 4 h. DMSO (200 μL) was added into the well after the medium was removed, and then the plate was stirred moderately for 20 min and measured with a microplate reader (Multiskan Spectrum, Thermo Scientific, Vantaa, Finland). The cell viability (%) was calculated on the basis of the following equation: $$Cell\ viability\left( \% \right) = \frac{A_{sample} - A_{blank}}{A_{control} - A_{blank}} \times 100\%,$$where *A~blank~* was the absorbance at 490 nm without cells. *A~sample~* and *A~control~* were the absorbance at 490 nm in the presence and in the absence of samples treatment, respectively. The experiment was performed in replicates of six wells.

Statistical analysis
--------------------

The experimental data were presented as the mean ± standard deviation (SD). Student's *t*-test (Excel, 2007) was used to analyze the data. *P*-values of less than 0.05 (*P*\<0.05) were considered to be significant.

Results and discussion
======================

Synthesis and characterization of polymer (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol)
-----------------------------------------------------------------------------------

The amphiphilic pH-sensitive polymer brush conjugated with cholesterol was synthesized by Michael-type step polymerization and acylation reaction. As shown in [Figure 2](#f2-ijn-12-2215){ref-type="fig"}, macromonomer PAE with diacrylate esters on the two terminals was synthesized at first. Subsequently, the precursor PAE-*b*-PEG-*b*-PAE was prepared by further Michael-type step polymerization using macromonomer PAE and NH~2~-PEG-NH~2~ as diacrylate esters and amine, respectively. For these two steps, the mole ratio of diacrylate esters and amine was 1:0.9, indicating the double-bond-ends on the two terminals. Finally, cholesterol was grafted on the pendant of the PAE segment through acylation reaction using TEA and DMAP as catalyst, resulting in polymer brush (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol). In this work, PEG was selected as the hydrophilic segment which could form the protective shell distributed outside of the polymeric micelles. The macromonomer PAE was conjugated on the two terminals of PEG and used as a pH-sensitive and hydrophobic segment in normal physiological condition. The cholesterol was grafted on the side to enhance the drug LC and stability of the system.

The products were purified by precipitation process and by two-steps dialysis, and the polymer was received for further study after lyophilization. The molecular structure of polymer brush was confirmed by ^1^H NMR, as shown in [Figure 3](#f3-ijn-12-2215){ref-type="fig"}. The signals at 6.41--6.50 (1), 6.12\~6.23 (2), and 5.81\~5.90 (3) ppm were the characteristic peaks of three protons at the end of C=C. The signals at 4.0\~4.15 (4) and 1.45\~1.65 (5) ppm were ascribed to the -O-C*H*~2~- and -C*H*~2~-, respectively. The signals at 1.25\~1.43 (6) and 2.20\~2.30 (7) ppm were ascribed, respectively, to the -C*H*~2~- and -C*H*~2~-N-. The three characteristic peaks of 2.35\~2.45 (9), 2.51\~2.65 (8), and 3.66\~3.85 (10) ppm were ascribed to the -N-C*H*~2~-, -C*H*~2~-, and -C*H*~2~-O- on the tail of amine. The signals at 0.5\~2.0 ppm were due to the protons of cholesterol group, and the peak of 5.38 (11) ppm was the characteristic signal that could be clearly found in the ^1^H NMR spectrum. The signal at 3.65 (12) ppm due to the -C*H*~2~-C*H*~2~-O- protons was the characteristic PEG peak of the polymer brush. The peak area of 5.81--6.50 ppm or 5.38 ppm was the characteristic delegates of PAE or cholesterol, respectively. This ratio was used to calculate the grafted ratio of cholesterol (about 48 %).

Characterization of pH-sensitive polymer
----------------------------------------

To evaluate the pH-sensitivity of polymer brush, the p*K*~b~ value was determined by an acid--base titration. As shown in [Figure 4](#f4-ijn-12-2215){ref-type="fig"}, the pH value increased rapidly after NaOH solution was added. Then the trend changed gently in the range of pH 5.8\~6.8. With the continuous addition of base solution, the pH value increased sharply again presumably because the protonated PAE segment was converted to the deprotonated form during the titration process. The results indicated that the pH-sensitive range was about 5.8\~6.8 shown as the plateau. The p*K*~b~ value was defined as the pH value at 50% neutralization of protonated amine groups according to the reference.[@b48-ijn-12-2215] Therefore, the p*K*~b~ value of synthesized polymer brush was confirmed to be about 6.5, which showed the pH-sensitivity of polymer brush.

Micelle formation
-----------------

The CMCs of polymeric micelles self-assembled from polymer brush in different PBS buffer solutions at pH values of 7.4, 6.5, 6.0, and 5.0 were investigated by fluorescence spectroscopy to confirm the micellization process and the stability of the system. The *I*~337~/*I*~335~ ratios were plotted against the logarithm of polymer concentrations at different pH values, as shown in [Figure 5](#f5-ijn-12-2215){ref-type="fig"}. With the decrease in pH values from 7.4, 6.5, 6.0 to 5.0, the CMCs of (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol) increased from 6.8 to 12.6, 17.4, and 26.6 mg/L, which was lower than those reported in previous studies.[@b43-ijn-12-2215],[@b44-ijn-12-2215] There were several reasons behind the pH-dependent CMCs. First, the amine groups in the PAE segment were ionized gradually in weakly acidic environment since the p*K*~b~ value was confirmed to be about 6.5, as already mentioned, leading to the transformation of the PAE segment from hydrophobic to hydrophilic, which could require greater driving force to offset the enhanced repulsive forces caused by longer hydrophilic segments. A further reason is that the zeta potential increased markedly caused by the protonation of the PAE segment, resulting in stronger positive-charge repulsion. In summary, the extremely low CMC value (6.8 mg/L) at a pH of 7.4 indicated that the micelles self-assembled from polymer brush implied a high stability in aqueous media during the long-time circulations. The pH-dependent CMCs of polymeric micelles proved the pH-sensitivity of synthesized amphiphilic polymer brush.

Characterization of blank and DOX-loaded polymeric micelles
-----------------------------------------------------------

The blank polymeric micelles or DOX-PMs were prepared using the dialysis method. The hydrodynamic diameter and zeta potential of blank polymeric micelles at different pH values were determined to further investigate the pH-sensitivity of polymer brush, as shown in [Figure 6](#f6-ijn-12-2215){ref-type="fig"}. With regard to the hydrodynamic diameter ([Figure 6A](#f6-ijn-12-2215){ref-type="fig"}), when the pH value was higher than 7.4, the particle size increased slightly (from 200 nm to 225 nm) with an increase in the pH values (from 7.4 to 9.2), resulting from the increased aggregation number of polymeric micelles in basic condition. When the pH value was lower than 7.4, the particle size increased sharply with the decrease in pH value (285 nm at pH 5.0). The reason could be that the amine groups of the PAE segment were protonated in an acidic environment, which enlarged the hydrophilic chain and enhanced the repulsive force, resulting in more difficulty for micellization. The change in the trend of particle size indicated that the polymeric micelles stayed in different shapes, depending on pH values, showing the pH-sensitivity of polymer brush. As shown in [Figure 6B](#f6-ijn-12-2215){ref-type="fig"}, the zeta potential of polymeric micelles was slightly positive in basic condition. As pH value decreased, the zeta potential increased rapidly, particularly from pH 7.4 to 6.0. It then increased slowly with pH value decreasing continuously from 6.0 to 5.0, because of the complete protonation of the amine groups of the PAE segment. As already mentioned, the enhanced positive zeta potential generated a higher repulsive force because of the electrostatic effect, leading to the higher hydrodynamic diameter of polymeric micelles in acidic condition. In conclusion, the change in the trends of particle size and zeta potential dependent on pH values demonstrated the pH-sensitivity of polymer brush. [Figure 6C](#f6-ijn-12-2215){ref-type="fig"} presented the TEM images of the blank polymeric micelles in the buffer solution with pH 7.4 and 5.0. It was found that the micelles exhibited a spherical morphology at a pH of 7.4. The dispersion in the size of the micelles was characterized using PDI. The PDI was 0.124 at a pH of 7.4, indicating the narrow size distribution of the polymeric micelles. After incubation at pH 5.0, the PDI was confirmed as 0.958, and there were two or more peaks measured by dynamic light scattering, because the polymeric micelles were swelling and eroding under weakly acidic conditions. This could be attributed to the transformation of PAE residues from water-insoluble to water-soluble ones as pH decreased.

The model anticancer drug DOX was entrapped into polymeric micelles using the membrane dialysis method for further study. To confirm the optimal drug feed, a series of DOX-PMs with different weight ratios of polymer brush and drug were prepared. The details are shown in [Table 1](#t1-ijn-12-2215){ref-type="table"}. As the amount of DOX increased, the LC and EE were enhanced generally. When the ratio increased from 10:1 to 10:8, the LC increased from 4.2% to 24.3%. However, when this ratio was 10:5, the EE was the maximum (59.5%). The results showed that when the ratio of polymer and DOX was 10:5, the drug loading efficiency was optimal. The particle size of drug-loaded polymeric micelles increased with LC increasing, attributed to the entrapped hydrophobic drug molecule in the micellar core. The other characteristics of DOX-PMs are found in [Table 1](#t1-ijn-12-2215){ref-type="table"}.

In vitro release of DOX from polymeric micelles
-----------------------------------------------

Based on the pH-sensitivity of polymer brush, in vitro DOX release profiles from DOX-PMs in various PBS buffer solutions with pH values of 7.4 (simulate normal physiological conditions), 6.5, 6.0, and 5.0 (simulate weakly acidic environment) were performed. The plots of DOX cumulative release as a function of time in different PBS buffer solutions are shown in [Figure 7A](#f7-ijn-12-2215){ref-type="fig"}. As expected, the DOX release rates were severely influenced by the pH value of the solutions. At pH 7.4, the DOX release rate from the polymeric micelles was slow, and the cumulative releases were only about 15%, 29%, and 37% after 3 h, 24 h, and 120 h, respectively, indicating that the DOX molecules could be protected in the micellar core and the DOX-PMs remained tight and compact for a long time. When the pH value reduced (ie, 6.5), the DOX release rate was accelerated compared with that at a pH of 7.4, and the cumulative releases were, respectively, more than 22%, 45%, and 60% for 3 h, 24 h, and 120 h. When the pH value was much lower (ie, 5.0), the DOX release rate and cumulative release were enhanced sharply as seen in [Figure 7A](#f7-ijn-12-2215){ref-type="fig"}. More than 40%, 70%, and 80% of the drugs were released for 3 h, 24 h, and 120 h, respectively. The key reason for this phenomenon could be that the structure of DOX-PMs became porous, swollen, and loose because of stronger and stronger protonation of the amine groups, which led to a water-soluble PAE segment under weakly acidic conditions. Moreover, the zeta potential was enhanced when the amino groups in PAE block were ionized which led to increased charge density on the micellar surface, facilitating the swelling of the DOX-PMs. As seen in [Figure 7A](#f7-ijn-12-2215){ref-type="fig"}, the drug burst release behavior was reduced effectively presumably because of the hydrophobic cholesterol in the core, which could have enhanced the drug loading capacity. The special brush structure with the central hydrophilic PEG segment was also different from the linear chain.

The drug release mechanism has not been understood well until now,[@b49-ijn-12-2215] but it could be roughly analyzed by the following comprehensive semiempirical equations established by Siepmann and Peppas:[@b50-ijn-12-2215] $$\frac{M_{t}}{M_{\infty}} = kt^{n}\quad\log\left( \frac{M_{t}}{M_{\infty}} \right) = n\mspace{2mu}\log\mspace{2mu} t + \log\mspace{2mu} k,$$where *M~t~* and *M*~∞~ were drug cumulative release amount at time *t* and infinite time, respectively. *n* was used to confirm the drug release mechanism type, and *k* corresponded to drug release rate from polymeric micelles. *n*=0.43 or 0.85, respectively, indicated the mechanism was Fickian diffusion or swelling controlled. Otherwise, the mechanism was decided as a combination of diffusion and erosion control (*n*\<0.43) or anomalous transport mechanism (0.43\<*n*\<0.85).[@b51-ijn-12-2215] The theoretical profiles fitted on the basis of experimental release data and calculated drug release exponent *n* and rate constant *k* at different pH values are shown in [Figure 7B](#f7-ijn-12-2215){ref-type="fig"} and [Table 2](#t2-ijn-12-2215){ref-type="table"}. The DOX release process was divided into two stages, the first being from 0\~12 h, and the second from 12 h\~120 h. [Figure 7B](#f7-ijn-12-2215){ref-type="fig"} displays good linearity for two stages in PBS buffer solutions with different pH values. In the cases of 7.4, 6.5, and 6.0, the *n* values were higher than 0.43 and lower than 0.85 in the first stage and much less than 0.43 in the second stage, indicating the DOX release behaviors corresponded to anomalous transport mechanism in the first 12 h and switched to a combination of diffusion and erosion control for the second stage. For a pH of 5.0, the *n* values were lower than 0.43 in two stages, which demonstrated a combination of diffusion and erosion control in the whole DOX release process from drug-loaded polymeric micelles. The reason could be that the DOX-PMs remained tight and compact in the first stage to protect drug molecules in the micellar core well, resulting in a stable system. With the extension of time and decrease in pH value, DOX-PMs became swollen and loose, resulting in a change in the DOX release mechanism. With regard to *k* values in different pH solutions for both stages, the *k* values increased with decreasing pH values, suggesting that the DOX release rates enhanced as pH value decreased ([Table 2](#t2-ijn-12-2215){ref-type="table"}). This could be ascribed to protonation of the amine groups as previously mentioned, resulting in porous and loose DOX-PMs and facilitating DOX release from micelles. In a word, DOX release rate and mechanism from drug-loaded polymeric micelles were dependent on the pH values of the solution and on time. The DOX release rate and cumulative release could be enhanced significantly by decreasing the pH value from 7.4 to 5.0.

Cytotoxicity test
-----------------

The cytotoxicity of polymer brush, free DOX, or DOX-PMs against HepG2 cells was performed by MTT assay, as shown in [Figure 8](#f8-ijn-12-2215){ref-type="fig"}. The cytotoxicity of polymer brush increased slightly with the increase in concentration, and the cell viability was higher than 90% even at the highest concentration of polymer brush for 48 h (400 mg/L), showing that the synthesized polymer brush was bare and negligible toxicity for HepG2 cells ([Figure 8A](#f8-ijn-12-2215){ref-type="fig"}). The toxicity of free DOX or DOX-PMs for HepG2 cells was executed for 24 h and 48 h, and the results are shown in [Figure 8B and C](#f8-ijn-12-2215){ref-type="fig"}. The half maximal inhibitory concentration values of free DOX or DOX-PMs were 1.65 μg/mL or 5.10 μg/mL after 24 h, and 0.71 μg/mL or 2.15 μg/mL after 48 h, respectively. The reason could be that only about 40% and 53% of drug had to be released from the polymeric micelles in the medium at pH 6.5 after 24 h and 48 h, respectively. The cytotoxicity of DOX-PMs was much lower than that of free DOX at low DOX concentrations. But with increasing DOX concentration, the toxic effect of DOX-PMs was close to that of free DOX. For treatment of 48 h, the trend of cytotoxicity of DOX-PMs was similar to that of free DOX, indicating that DOX released from the DOX-PMs still had a high capacity for killing tumor cells.

Conclusion
==========

The amphiphilic pH-sensitive polymer brush (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol) was designed and synthesized successfully via Michael-type step polymerization and esterification reaction, and its self-assembly polymeric micelle was used in hydrophobic anticancer drug delivery with sustained controlled release. The system had low CMC, which increased with decreasing pH value, indicating high stability and extending applications. The particle size of polymeric micelles increased markedly with decreasing pH value, demonstrating sharp pH-sensitivity. DOX was loaded in polymeric micelles by the membrane dialysis method with high drug LC and EE. The DOX release rate and cumulative release were significantly accelerated and enhanced as the pH value decreased from 7.4, 6.5, 6.0 to 5.0, achieving the purpose of controlled release with reduced drug burst release. The DOX release mechanism from polymeric micelles was investigated using mathematical theory models. Moreover, the cytotoxicity of polymer brush was barely observed for HepG2 cells, whereas the DOX-PMs showed similar ability of cell death to free DOX. The overall result demonstrated that this polymer brush and its self-assembly polymeric micelle might be a potential hydrophobic drug carrier for controlled release.
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![Scheme of drug loading and controlled release from triblock polymer brush (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol) dependent on pH values.\
**Abbreviations:** (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol), (poly(β-amino esters)-*g*-cholesterol)-*b*-poly(ethylene glycol)-*b*-(poly(β-amino esters)-*g*-cholesterol); DOX, dox orubicin; PAE, poly (β-amino esters); PEG, poly(ethylene glycol).](ijn-12-2215Fig1){#f1-ijn-12-2215}

![The synthetic route of the polymer (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol).\
**Abbreviation:** (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol), (poly(β-amino esters)-*g*-cholesterol)-*b*-poly(ethylene glycol)-*b*-(poly(β-amino esters)-*g*-cholesterol).](ijn-12-2215Fig2){#f2-ijn-12-2215}

![^1^H NMR spectrum of polymer brush (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol) in *d*-CDCl~3~.\
**Abbreviation:** (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol), (poly(β-amino esters)-*g*-cholesterol)-*b*-poly(ethylene glycol)-*b*-(poly(β-amino esters)-*g*-cholesterol).](ijn-12-2215Fig3){#f3-ijn-12-2215}

![The potentiometric titration of polymer (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol) solutions.\
**Abbreviation:** (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol), (poly(β-amino esters)-*g*-cholesterol)-*b*-poly(ethylene glycol)-*b*-(poly(β-amino esters)-*g*-cholesterol).](ijn-12-2215Fig4){#f4-ijn-12-2215}

![Plot of intensity ratios (*I*~337~/*I*~335~) as function of logarithm of the polymer brush concentrations in different PBS buffer solutions (pH 7.4, 6.5, 6.0, and 5.0).\
**Abbreviation:** PBS, phosphate-buffered saline.](ijn-12-2215Fig5){#f5-ijn-12-2215}

![Particle size (**A**) and zeta potential (**B**) of polymeric micelles dependent on pH values. Typical TEM images (**C**) of micelles in different solutions with pH 7.4 (left) and 5.0 (right).\
**Abbreviation:** TEM, transmission electron microscopy.](ijn-12-2215Fig6){#f6-ijn-12-2215}

![In vitro drug release profiles (**A**) and mechanism analysis (**B**) of DOX-loaded (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol) micelles.](ijn-12-2215Fig7){#f7-ijn-12-2215}

![Cytotoxicity for HepG2 cells treated with polymer brush for 48 h (**A**) or free DOX or DOX-PMs for 24 h (**B**) or 48 h (**C**) in concentration specified.\
**Abbreviations:** DOX, doxorubicin; DOX-PM, doxorubicin-loaded polymeric micelle.](ijn-12-2215Fig8){#f8-ijn-12-2215}

###### 

Characterization of DOX-loaded (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol) micelles at pH 7.4, T =37°C

  Polymer (mg)   DOX (mg)   LC (%)   EE (%)   Particle size (nm)   PDI     Zeta potential (mV)
  -------------- ---------- -------- -------- -------------------- ------- ---------------------
  50             0          --       --       205.4                0.124   12.7
                 5          4.2      33.6     218.1                0.152   11.5
                 10         13.5     48.7     226.5                0.213   14.8
                 25         20.1     59.5     234.7                0.226   18.2
                 40         24.3     55.3     247.8                0.230   17.2

**Abbreviations:** DOX, doxorubicin; LC, load content; EE, entrapment efficiency; PDI, polydispersity index; (PAE-*g*-Chol)-*b*-PEG-*b*-(PAE-*g*-Chol), (poly(β-amino esters)-*g*-cholesterol)-*b*-poly(ethylene glycol)-*b*-(poly(β-amino esters)-*g*-cholesterol).

###### 

*n* and *k* values for DOX-PMs at pH 7.4, 6.5, 6.0, and 5.0, T =37°C

  pH    *n* (0--12 h)   *k* (0--12 h)   *n* (12--120 h)   *k* (12--120 h)
  ----- --------------- --------------- ----------------- -----------------
  7.4   0.5655          0.0694          0.1555            0.1806
  6.5   0.6131          0.0898          0.1967            0.2407
  6.0   0.4869          0.1515          0.1103            0.3877
  5.0   0.3277          0.2588          0.0881            0.5342

**Abbreviation:** DOX-PM, doxorubicin-loaded polymeric micelle.
